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ABSTRACT

Low temperature photoluminescence spectroscopy has been applied to the study of
high purity GaAs grown by liquid phase epitaxial, hydride vapor phase epitaxial, AsCl;
vapor phase epitaxial, metalorganic chemical vapor deposition and molecular beam epitaxial
growth techniques. This analytical technique has been used in combination with the
analysis of variable temperature Hall effect data to quantitatively analyze the acceptor
species present in high purity epitaxial GaAs. The incorporation of the amphoteric column
v elexﬁents has been studied for different growth conditions in each of the epitaxial growth

techniques.
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1. INTRODUCTION

While compound semiconductor materials such as GaAs and InP offer numerous

potential advantages over Si in the fabrication of microwave and optoelectronic devices and

¥ high speed digital circuitry, their materials and processing technology still lags considerably
behind that of Si. One important aspect of materials technology in which this disparity is
Q% particularly apparent is the growth of high purity material. The latter is essential in a
: ‘. number of device applications. Large depletion widths are required for efficient light
% absorption in pin photodetectors, and low doping levels are therefore required. High
.&, resistivity buffer layers in microwave or high-speed digital circuits require net doping levels
':C; smaller than the trap concentrations in order to be semi-insulating; alternatively, the doping
E‘:‘: must at least be low enough that the layer is entirely depleted. Gunn effect devices used as
‘ microwave amplifiers or oscillators also require low doped material to avoid excessive
; power dissipation and localized impact ionization at the high fields which are required.
é::' Particularly low doping levels are required for stable operation as amplifiers, since the
'.,‘:‘0, product of carrier concentration and length must be less than 1012 cm2 in GaAs to achieve
) t_ operation in the appropriate mode.! Finally, high purity material is invaluable in
: fundamental materials characterization studies.
.;': Bulk single crystals of Si have been prepared using multiple-pass float-zone
refining with residual acceptor (B) and donor (P) concentrations as low as 1.3x10!1 and
E 6x1010 cm-3, respectively.2 Detector-grade Si with [B] as low as 5-6x1011 ¢cm-3 is used
;‘.,? commercially by companies such as Hughes and Rockwell. The best bulk GaAs crystals,
“ on the other hand, typically contain at least a few x 1015 cm-3 of residual acceptors,
: ‘ donors, and stoichiometric defects,3 although they can be produced in semi-insulating form
i: at these doping levels. Bulk InP single crystals have so far been refined only down to a
i' level of No+Np = 1015 cnr3; 4 this purity level is still several orders of magnitude worse
N
¥
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than for Si. The highest purity epitaxial GaAs is inevitably compensated, and typically has

VPP L A

Na+Np on the order of 1014 cm-3.5 Epitaxial InP is less pure.5 Identification and
elimination of the residual impurities in GaAs and InP grown by various techniques will
clearly be important to the further application of these materials.

Historically, most of the conclusions regarding the identity of the residual acceptors

and donors in GaAs and InP that have been inferred by non-spectroscopic means, such as

T BT e T

analysis of the growth environment or comparisons with other materials, have later been

found to be incorrect. Spectroscopic analysis is therefore vital for the reliable identification

)
B .
! of the impurities that are unintentionally introduced by various growth techniques. Even :t?_?:::*\;
,E‘ spectroscopic methods must be very carefully applied and interpreted to yield valid results. -EE\EEES-}:;
i Variable-temperature Hall effect measurements can provide estimates of the thermal »};:ﬁ;;- N
ionization energies of the donors in n-type material or the acceptors in p-type material. : .,i._ ,_ :
3 However, these estimates cannot be used to reliably identify different shallow donor and § E;i*%}:
E’; acceptor species in GaAs and InP, where the variations in thermal ionization energies as a -. :ii :;
] function of doping level often exceed the minute differences in ionization energies among NN .‘-‘.«-\
E various species (know as "central-cell corrections"), particularly for donors.> Hall effect E:,C ‘ ':i';’-i::
'; measurements are also of no value in identifying minority impurity species. The principal Eﬁ::g‘%: .‘3}
utility of Hall effect data is in establishing quantitative values of total Np and N, which -

can be obtained fairly accurately with that technique.’ Photothermal ionization

BV BeTeT e

spectroscopy® is a very useful technique for the identification of donors in n-type material,

and has also been applied to the study of acceptors in p-type GaAs.” However, like Hall
effect measurements, it is of no use in studying minority species in GaAs or InP.

Low temperature photoluminescence (PL) is probably the simplest and most useful
technique which is available for the qualitative analysis of residual impurities in GaAs and
InP. Both donors and acceptors can be chemically identified, and the relative

concentrations of the various species can be estimated from the PL spectra in either n-or p-

type samples. The sensitivity of the method is extremely high. For example, under
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favorable conditions, concentrations of individual acceptor species as low as 1011 cm-3 can
be detected, a level which is much lower than the capabilities of conventional chemical
analysis techniques such as secondary ion mass spectroscopy (SIMS). Moreover, the
method is completely non-destructive and does not require electrical contacts to the sample.
No sample preparation is required, and very small or irregularly shaped samples can be
utilized. A high degree of lateral spatial resolution is possible using focused excitation, and
useful depth profiling can be performed either by varying the wavelength (and hence
absorption coefficient) of the exciting light or by successive etching.

Other advantages of the PL technique include the good signal-to-noise ratio which
is typically attainable in the spectra of direct-gap materials, and the rapidity of the
measurement. A single spectrum can be recorded in a matter of minutes (after cooling the
samples) and a thorough analysis under various measurement conditions takes only ~ 2-3
hours. Data analysis is performed quite rapidly in most cases. The main limitations of the
method are its requirements on sample purity (n< 10!5 cm-3 for n-type and p < 1016 for p-
type material are required to identify acceptors using non-selective excitation in GaAs3), the

inability to study non-radiative centers, and the complexity of the spectra.

PARSENFAFLILS 2 oF oo e b SV QP B0 o oty By o

In this work, the PL process has been reviewed from a fundamental point of view

and then applied to the identification of residual acceptors in material grown by various

aTa" L.

techniques under various growth conditions. Since the identification of donors in GaAs or

InP by PL requires extremely high resolution and/or high magnetic fields,%-11 neither of
which were available for this study, we relied exclusively on photothermal ionization data

on the same samples to provide information on the donors. Bulk GaAs of sufficient purity

A

"
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was not available, so the investigation was confined to epitaxial GaAs and to preliminary

measurements on epitaxial InP and a few high purity bulk InP crystals.
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. 2. ANALYSIS OF PL SPECTRA \.“\;:%s.’:é
I L3S )
! TGN
The process of low temperature photoluminescence may be described very briefly PV -~y y
| f' ',.5,—.
as follows. The excitation light is chosen (for the case which will be considered here) to Egﬁ:?iiz"
A2 CAC
have a photon energy larger than the band gap of the material. This light is therefore E N":::{z;:.ﬁ
* *\

strongly absorbed near the front surface of the sample. The photoexcited electron-hole

i

R O LY SN
pairs rapidly thermalize by phonon emission, and diffuse into the sample via an ambipolar Yy
! J;-.:-. A
} .
. . . - 3 - . " ~ ~ .".$
! diffusion mechanism. The details of this process are discussed by Bebb and Williams. 12 j:ﬁ:-ﬁ}-’. 3
) PN ¢
- . . » N - 'y "
i Recombination of the excess carriers takes place through an enormous variety of radiative i"-“*—"“
- » - . . .“_-.'_2 N M
, and non-radiative channels. The resulting spectrum of the luminescence which manages to :-,:.-}_ﬁ‘;ﬁ}::
IO Y
) I A
' escape back through the front surface of the sample is therefore highly complex, f\-‘;:f:-::'_-'}.:‘;
' : INERNTAE TR
) AU SRS B )
. . . . . o e e P o’
' particularly for high purity material where spectral broadening effects are minimized. 5-;“2:.. Pyt
. . . . . . by, LNy
| The first essential step in analyzing any PL spectrum is therefore to identify the ORI
) DT A
: . . . . . S IRIAZ AT
, physical nature of the recombination processes which are responsible for each of the -'.::2":?4-::4: »
‘ PO CA
> Cr . . . . TR A N
observed spectral features. Such identifications typically depend on studying the behavior A WA
' ol 2 .
, of the PL peaks as a function of sample parameters, such as donor and acceptor TR
, ".-".'-":‘z"c
' - . . . l‘-v.\ A‘ '\ ..'
‘ concentrations, and as a function of measurement conditions, such as temperature, : pﬁ\',:i\}f
~ -
FACACIC ALY
e . A . . . YooYy
excitation intensity, excitation wavelength (i.e., resonant absorption effects), applied ‘-i\‘j‘-‘,’\ﬁ"{
A aaTaNat
‘ uniaxial stress or hydrostatic pressure, external electric or magnetic fields, and time- POAIS
‘ LAY RN
dependent luminescence measurements. The main parameters that were employed in the ,\\j\:i DAY
1. N -
: Lo : 50YSu 0N
present study were sample purity, temperature, excitation intensity, and weak electric ~'~$t;:§.;
¥R ae . i
fields. o W
:-'\-'1*1'* 3
Once the recombination processes have been elucidated, the second step in the L-:-.:}.-:\::\ ,
O A LY
W P ]
. . . . N
analysis is to determine the chemical and/or metallurgical nature of the defects and ““;:{-:t:". ’
- A
. ooy . . s . . P g M
impurities which participate in these recombination processes. Indeed, most of the ' .
’4’\ >
13 . . . . . . . * '
luminescence which is observed at low temperature is extrinsic in origin. The identity of :::?:25 3::;
YR D "
native defects is in general quite difficult to determine, and can usually be surmised only t::;: s
V“;“ '_‘7
from very indirect evidence such as controlled annealing experiments. Defects can be - bl
.::\:\:\::\'_:-
AT AN

. ‘:_'b *y

- -
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intentionally created in a sample, for example, by bombardment with energetic particles,
but the exact nature of the defects thus introduced is frequently unclear. Moreover, the
reduction in luminescence efficiency that results from the non-radiative levels which are
introduced may make PL characterization rather difficult in such material. Identification of
impurity levels is in principle rather more straightforward, involving deliberate back-doping
of high purity material with low levels of specific impurities. Such intentional doping
experiments are often quite exacting, however, owing to the very low concentrations of
impurities which must be introduced.

The characteristic defects and impurities of each growth technique can thus be
determined, and controlled exp_eriments can potentially provide information on the source
of each impurity in the growth environment and the impurity incorporatio nmechanisms.
Techniques to minimize the incorporation of defects and impurities can then be developed.

The research performed under this contract has focused on each of the three areas

described above. Results on the incorporation of amphoteric impurities in LPE, AsCl;-
VPE, AsH;-VPE, MOCVD, and MBE epitaxial GaAs obtained in this research are
summarized below.
2.1 Amphoteric I ities in LPE

The residual donors were identified in several of the samples discussed here using
photothermal ionization spectroscopy; the spectra have been presented elsewhere.!3 A
qualitative measure of the relative donor concentrations in those samples can be obtained
from the relative heights of the various donor peaks. In many cases the relative peak
heights do not give an accurate indication of the quantitative relative concentrations due to
the effects of absorbance saturation in the photothermal ionization spectra of these
samples.14 In particular, the concentration of the dominant residual donor species in
several cases is probably considerably under-estimated, relative to the concentrations of the

other donors.
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It is seen from Fig. 1(b) that S is the dominant residual donor in all of the samples.
This is true whether the samples were grown in graphite or fused silica boats. Small
quantities of Si donors are observed in 4 of the 7 samples; Si acceptors are present in
substantial quantities in those 4 samples as seen from Fig. 1(a). The identity of the other 2
donor species observed is not entirely clear. The "Pb" peak is probably due to Te. This is
rather likely considering the extremely low distribution coefficient of Pb in GaAs.15 The
"Sn" donors could instead, be Se, since these 2 donor species have nearly identical
ionization energies (see Ref. 16 and references therein). In the Cornell sample, the
observation of Sn acceptors makes the presence of Sn donors extremely likely, but no
definite statement can be made about the other samples. No Ge donors are observed in any
of the LPE samples, even when trace quantities of Ge acceptors are observed.

It is of interest to compare these results to those of previous studies. While oxygen
has been proposed a number of times as the dominant shallow donor species in LPE GaAs
(see e.g., Refs. 17-19), no spectroscopic evidence for this contention has ever been
presented and it clearly contradicts the present results. Similar remarks can be made
concerning early speculation that C was the dominant donor.20 Kang and Greene correctly
hypothesized that S might be the dominant donor, based on the temperature dependence of
the residual doping and the presence of 0.2 ppm of S in the graphite crucible used for
growth, but no direct evidence was obtained.2! The only previous spectroscopic studies
concluded that Si ‘vas the dominant donor in samples grown in both graphite22 and fused
silica?3 boats, with lower levels of Pb and Sn present although the latter identifications
were not considered definite. These previous studies are consistent with the results
presented here if more recent donor identifications are applied to those data.!3 (The donor
peak previously thought to be Si is now known to be S).

The previous photoluminescence study of Ashen gt al.8 identified C and Si -as the
dominant acceptors in LPE samples grown in either fused silica or graphite boats, with

traces of Ge also frequently seen.8 Zschauer found the dominant PL acceptor peaks for
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C Mg Ge T oS Ge TGS Ge T Mg S Ga
Forschungsinstitut Max-Planck Hughes Illinois
E368 Institut | 1-2-80-1 437
™ TH TH
TH
THH
C MgSi Ge C Mg S Ge CMgSi Ge C Mg Si Ge "CMg Si Ge
Chinese Institute of  Honeywe!l H.P 3B-957 Cornell STL.7LE|48
Semiconductors | 251 SM-25
(a) Relative Concentrations of Shallow Acceptors
in LPE GaAs Samples -
PbSi Sn S PbSiSn S PbSiSn S
Forschungsinstitut Max-Planck Hughes
£368 Institut 1 1-2-80-1
_ PBSiSnS PbSiSn S PbSiSn S PbSiSnS
Chinese Institute of  Honeywell H.P SB-957 Cornell
Semiconductors | 251 SM-25

(b) Relative Cncentrations of Shallow Darore
in LPE GaAs Samples

Fig. 1 Residual {mpurities 1In the LPE samples grown in various

laboratories. a) Residual acceptors., b) Residual donors.
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samples grown in vacuum in various types of boats to be those now known to be due to
C.24 The PL results are largely in accord with previous studies, but the observation of
significant levels of Mg in 4 samples is interesting given that residual Mg acceptors have
never previously been reported in LPE material.

Correlations of the residual acceptor and donor species in the same LPE samples
have not previously been performed. A comparison of Figs. 1(a) and 1(b) indicates that
the residual Si incorporates predominantly as acceptors in these samples, which were all
grown at temperatures << 860° C, the temperature below which Si acts as a p-type dopant
in LPE.25 This result is in agreement with values of the compensation ratio deduced from
electrical measurements on intentionally Si-doped samnples, 25 and with theoretical analysis
of its behavior in LPE by Teramoto.26 The residual Ge exhibits similar behavior in accord
with its well known behavior as a p-type dopant.26 On the other hand, Sn acceptors are
found only in the sample with the largest concentration of Sn donors (Cornell). Doping
experiments with Sn produced similar conclusions based on electrical measurements.2!
The n-type behavior of Sn under Ga-rich growth conditions can be understood on the basis
of its covalent radius.26 Apparently C incorporates exclusively as an acceptor in GaAs,
which has been explained theoretically27 using arguments along the lines of Teramoto's
theory for Si, Ge, and Sn.26
2.2 Amphoteric Impurities in AsCl3-VPE

The residual donors were identified in 23 of the 58 AsCl;-VPE samples studied,
using photothermal ionization spectroscopy.2? Since the spectra of most of these samples
are severely affected by absorbance saturation and related effects,14 it is not possible to
give a quantitative analysis of relative donor concentrations in those samples. However, it
is possible to state that Si is by far the dominant donor species in virtually 100% of the
undoped samples grown by the conventional (Ga-AsCl3-Hj) technique. All of the samples
also exhibit smaller amounts of S donors, 87% show low levels of Ge donors, and Se or

Sn donors (which cannot be distinguished) are detected at low concentrations in about 26%
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of the samples. Only in about 35% of the samples is Ge present at greater than "trace"
concentrations. It may be that Se or Sn is present at low levels in many more of the
samples than are identified as containing one of those donors, since a large Si peak can
easily obscure a smaller peak due to Se or Sn.

If Sn is in fact present in some of these samples, then it incorporates predominantly
as a donor, since Sn acceptors are never detected in any of the VPE samples. Carbon

incorporates exclusively as an acceptor is apparently the case in GaAs for all epitaxial

growth techniques. Since Si acceptors typically constitute only a few percent of N , and
Si donors typically account for most of Np, we find that Si exhibits a strong preference for
the Ga site in VPE material (which is opposite to its behavior in LPE). In those samples
where Ge donors are undetectable or only present at "trace” levels, Ge acceptors are
typically undetectable; in those samples having a "significant” concentration of Ge donors,
Ge acceptors typically constitute about 9% of N,. Because of absorbance saturation
effects in the donor spectra, quantitative analysis of the amphoteric behavior of Ge in these
VPE GaAs samples is not possible, but Ge clearly shows a preference for the Ga site,
though not so strongly as for Si.

The behavior of the residual column IV elements discussed above is consistent with
the behavior of those elements as intentional dopants in VPE.28:29 Their behavior is also

consistent with the theoretical predictions of Ashen et al.,8 who on the basis of an

extension of Teramoto's calculation for impurities in LPE26 predict a ratio of [Sig,] / [Siag]
= 1.6x103 for Tg = 750°C and P(AsCl3) = 6x10-3 atm. In analogy with Ashen et al., Low
et al. predict corresponding ratios of [Geg,] / [Geas] = 3.7x102, [Sng,] / [Snpgl =
3.9x104, and [Cg,l / [Cagl = 1.2x10-2 under the same conditions.27 These calculations
explain the progressively greater n-type behavior of Ge, Si, and Sn (in that order) and the

p-type behavior of C, although the quantitative accuracy of the calculations is probably not

very good. In particular, the calculated values for [Sig,] / [Siag) and [Geg,] /[Ge ] seem

substantially too large, since if they were correct, we would not be able to observe [Si 54]
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and [Geg,] at all. Qualitatively, the stronger preference of the amphoteric impurities for the
Ga site in VPE as compared to LPE is simply due to the larger value of the As activity in
the former growth environment,8 which leads to a larger Ga vacancy concentration in the
solid and hence enhanced incorporation of impurities on the Ga sites.26
2.3 Amphoteric Impurities in AsH3-VPE

The residual donors were studied by photothermal ionization spectroscopy in 30
AsH3-VPE samples. Some of the spectra have been presented elsewhere.3031 In the
samples grown at Hanscom AFB and Honeywell, the dominant donor is S in all cases,
with much lower levels of Si and Ge also present. This observation is very different from
the AsCl3-VPE system, where Si donors predominate; the differenge in Si content could
result from differences in the equilibrium partial pressure of HCl in the 2 systems, which
affects the incorporation of Si from chlorosilanes. The origin of the S in either the AsCl;
or AsH3;-VPE systems is not yet clear, so no comments can be made regarding its
dominance in the AsH3;-VPE samples.

In the AsH3-VPE samples grown in our laboratory, S was the dominant donor in a

majority of cases, but much more significant levels of Si and Ge donors are also observed

and one or the other of these is sometimes the dominant donor. The relative importance of
Si as compared to Ge is found to depend strongly on the partial pressure of AsHj3, as will
be discussed in the following section.

In general, the trends that are observed in the incorporation of Si and Ge donors are

reflected in the concentrations of Si and Ge acceptors observed in the PL spectra. Both of

these elements are found to exhibit a strong preference for the Ga site in the AsH3-VPE
system (similarly to the case of AsCl3-VPE). In particular, [Ge 54] constitutes at most 5%
6f Na even in n-type samples where [Ge ,] constitutes the vast majority of Np; similarly
[Siagl is at most 1% of Ny when [Sig,] dominates Np. Furthermore, [Geas] exceeds
[Sias] even when [Sig,] is equal to or even exceeds [Geg,] by a significant factor. It is

therefore apparent that residual Ge is more strongly amphoteric than residual Si in AsH3-
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‘? VPE. This conclusion is similar to those for LPE GaAs which is intentionally doped with
s Si or Ge26 or for As Cl;-VPE material (see above).

4 The differences in Si and Ge acceptor backgrounds between the Hanscom AFB and
; Honeywell samples and the samples from our laboratory are readily understood in terms of
fl’s the differences in Si and Ge donor backgrounds. The samples from the former 2
_::'- laboratories have relatively small [Sig,] and {Geg,l, so that Sisg and Gep are usually
EE undetectable. The Illinois samples typically have larger [Sig,] and [Geg,], so that Sijs and
3: particularly Ge ¢ are more frequently seen. The differences in overall Si and Ge content
i among the samples from the various laboratories are not fully understood, but may relate to
: different growth conditions, source materials, reactor designs, etc.

3 2.4 Amphoteric impurities in MOCVD

The residual donors were identified in 22 of the MOCVD samples studied, using
photothermal ionization spectroscopy; some of these data has been presented elsewhere,
L 27.32,33,34 35 has some of the PL data described here.27:34 In nearly all of the samples that
have been characterized, Ge is by far the dominant residual donor species. In 2 samples

grown from a very impure TMG source, Sn is the dominant donor, but these are the only

RO

exceptions. Other donors such as Te, Si, Se or Sn, and S are observed in a number of

samples, but usually in relatively minor quantities.

)
’ The typical [AsH3] / [TMG] ratios employed in MOCVD growth at atmospheric
,\ pressure are on the order of 10-20 or even substantially higher. The As activity in the
" growth ambient is therefore even higher than in AsCl3-VPE or AsH3-VPE, where the
j As/Ga ratio is usually closer to unity. One might therefore expect the column IV elements
" such as Si, Ge, and Sn to preferentially occupy Ga sites even more strongly than in other
N
VPE systems (C will still prefer the Ga site owing to its very small size).
2] .
This prediction is confirmed by a comparison of the photothermal ionization and PL
data, since Ge acceptors are present at only trace levels (~ 1012 cm3 or below) when Ge
LY
- donors occur at concentrations on the order of 1013 cm3. Since Si is less amphoteric (i.e., wﬁ_s—v
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incorporates to a larger extent as a donor) than Ge in other growth techniques, and since the

Si donor concentration in these MOCVD samples is always much less than that of Ge, it is
not at all surprising that Si acceptors are never observed as a residual impurity in MOCVD.
Similarly, the lack of any Sn acceptors in the samples where Sn is the dominant donor is
not surprising.

The observation of Ge acceptors (even at trace levels) in some of these samples
helps to confirm the identity of the dominant residual donor peak as Ge (the identity of this
donor peak was at one time uncertain15). A set of spectra for a relatively impure sample
containing traces of Ge acceptors is shown in Fig. 2, to illustrate the presence of Ge
acceptors. Correlations between Ge acceptor and donor concentrations as a function of

growth conditions are discussed below.

2.5 Amphoteric [ ities in MBE

The behavior of the amphoteric elements Si, Ge and Sn as a function of Asy/Ga
ratio in AsH3-MBE is discussed above. In the case of solid As-source MBE material, the
[Siasl / [Sig,] ratio is also found to depend on the As/Ga ratio, and on the substrate
temperature. In the series of samples grown at Bell Laboratories, Si acceptors are
undetectable in most of the samples (Figs. 3 and Fig. 4). However, the sample grown at
the highest temperature (650°C, As/GA = 15) shows evidence of small amounts of Si
acceptors. The spectrum of the latter sample is shown in Fig. 5 and exhibits a small Si
(D°-A°) peak on a 10x expanded scale. High temperatures and low As fluxes both tend to
enhance the As vacancy concentration and increase the incorporation of impurities into As
sites. Similar, though somewhat more pronounced effects have been reported elsewhere 33

In all cases we find that Si incorporates primarily as a donor in MBE, at least on
(100) substrates using reasonably "normal” As-stabilized growth conditions. We find that
[Sia¢] is usually negligible compared to [Cx] or [Sig,], in agreement with recent findings

by Nottenburg gt al.36 The behavior of Si in MBE is not surprising given that growth with
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an As-stabilized surface, i.e., an excess of As, corresponds to a high As activity in the
growth ambient and therefore favors incorporation of impurities into Ga sites.

We do not have sufficient data to quantitatively analyze the behavior of Ge in MBE,
but it is definitely more amphoteric than Si (as is also observed in other growth techniques)
from a comparison of the PL and photothermal ionization spectra. It may even behave
primarily as an acceptor as it apparently does for the Ge-doped (p-type) sample that we

measured. Similar behavior is reported elsewhere for Ge-doped MBE material.37

3. COUPLING ACTIVITIES
In the course of this work, we have collaborated with crystal growers from many
different laboratories around the world in the characterization of high purity GaAs grown
by the different techniques. The table below lists the crystal growers who have contributed
samples to this work and indicates the research organization with which they are affiliated.

Sources of High Purity LPE GaAs

J. K. Abrokwah Honeywell Technology Ce~ter

E. Bauser Max Plank Institute, Stuttgart

G. E. Bulman University of Ilinois

L. F. Eastman Cornell University

P. D. Green Standard Telecomm. Laboratories

D. E. Holms Hughes Research Laboratories, Malibu

C. E. Stolte Hewlett Packard Laboratories

E. Kuphal Forschunginstitut-der DBP beim FTZ FDR

X. R. Xhong Institute of Semiconductors, Beijing
Sources of High Purity VPE GaAs

ASC|3 VPE

C. O. Bosler M.LT. Lincoln Laboratory

T. H. Miers Motorola Incorporated

G. L. McCoy Wright-Patterson Air Force Base

A. Shibatomi Fujitsu Laboratories

C. M. Wolfe Washington University

P. Colter University Energy Systems

X. R. Xhong Institute of Semiconductors, Beijing

K. Anai NEC Corporation
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